Five adult rhesus monkeys with a history of prenatal cocaine exposure (PNCE) 
FIGURE 1
Molecular Structure of fallypride (a) and FECNT (b) Gabriel et al. 1998) . These animals have modifications in neuronal responsiveness in the ACC (Gabriel et al. 1998; Taylor et al. 1999 ) and hippocampus (Little et al. 1998; Little et al. 1996) and altered regulation of DA release (Wang et al. 1995; Du et al. 1999 ). Furthermore, D1-mediated locomotor responses to amphetamine-induced DA release are greatly reduced in adult PNCE rabbits (Simansky et al. 1996; Simansky et al. 1998; Romano et al. 1998) . While the ADHD-like phenotype observed in PNCE rabbits arises from a postsynaptic defect in dopamine neurotransmission, the long-term molecular effects of PNCE on dopamine neurotransmission remain unclear in humans.
Positron emission tomography (PET) can map the distribution of specific ligands in the brain with high sensitivity and spatial resolution. Effective 18 F ligands for cortical and subcortical dopamine D2/ D3 receptors (fallypride) and DAT (FECNT), but not D1 receptors, are available. The purpose of the present study was first to implement PET imaging of D2/D3 and DAT distributions in the rhesus monkey, then to apply it to gather preliminary data on the effects of PNCE on D2/D3 and DAT levels in adult PNCE rhesus. To this end, data obtained from five prenatally exposed rhesus were compared to those from two saline-treated control animals. It was hypothesized that prenatal cocaine exposure in rhesus macaques leads to altered dopamine neurotransmission in part by changes in dopamine D2 receptors and/or transporters, which persists into adulthood.
Using PET imaging the local concentration of specific radioactive tracer molecules can be evaluated in a target tissue. A specific tracer molecule can selectively elucidate physiological interactions on a molecular level. The acquisition of dynamic (time-sequence) PET imaging data in conjunction with
In kinetic modeling, compartmental models describe molecular interactions and kinetics between two portions of a body system where each compartment is a functionally homogeneous domain, and exchanges between compartments are either clearances or deliveries of material. A plasma sample defining arterial input is used in most compartmental modeling to drive the system. Reference region models provide BP estimates with the same level of accuracy as do arterial input functions, but use a non-invasive method of reference region selection for system input. Similar levels of [ 18 F]fallypride are found in the cerebellum and in arterial plasma, indicating low levels of specific binding (Mukherjee et al. 2002) . Similar results are obtained for the DAT ligand FECNT. Two reference region models in particular provide for excellent measures of binding potential. The original Logan Plot model uses graphical analysis to calculate the distribution volume (DV) in a reversible system. The Logan NonInvasive Model amended the Logan Plot to allow for direct calculation of the distribution volume ratio (DVR) by using a reference region [C'(t)] with a constant tissue-to-plasma efflux rate [k' 2 ] . The DVR, a linear function of receptor availability, corresponds to the ratio of the DV of a receptor-rich region to a reference region (receptor-less) and is used to estimate BP. The result is Equation 1,  where DVR is the regression slope and the intercept [int'] becomes constant after the time at which equilibrium is reached (Logan et al. 2001 ). This Logan Non-Invasive model is a gold standard in kinetic modeling analysis:
The Ichise Multilinear Reference Tissue Model 2 (MRTM2, Equations 2 and 3) (Ichise et al. 2003) eliminates BP bias and variability arising in situations of low signal to noise ratios. 
Methods
Five adult rhesus monkeys (three females, two males) with a history of prenatal cocaine exposure were studied: one high dose (1.0 mg/kg t.i.d.); one intermediate dose (0.5 mg/kg t.i.d.); three low dose (0.3 mg/kg t.i.d.). 3 Exposure to cocaine was present throughout the entire gestational period. These animals were compared with two saline-exposed controls (both males). All monkeys were 12-15 years of age. All protocols were approved by the Institutional Animal Care and Use Committee (IACUC).
The first phase of the experiment was to obtain and register MRI and PET scans from each of the seven monkeys. High-resolution T1-weighted structural images were obtained from each monkey using a Philips 3T Achieva MRI scanner. Dynamic PET scans were performed on each monkey to measure the binding kinetics of specific PET ligands for the dopamine D2 receptor ([ 18 F]fallypride) and DAT ([ 18 F]FECNT) using a Concorde microPET Focus 220 scanner. Tracers were injected using a single bolus which had a specific activity of between 2.3 and 4.3 mCi. Fallypride scans were limited to three hours and FECNT scans to two hours-the times after which equilibrium was reached. All MRI and PET studies were performed under propofol anesthesia, as isoflurane has been shown to modulate DAT in non-human primates (Votaw et al. 2003) . Structural T1-weighted MR images were 
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Results and Discussion
Static PET scan images, which summed the scans from the first 50 minutes of the dynamic PET scan, were evaluated to identify brain regions with the highest levels of dopamine innervation. When compared, the spatial distribution of dopamine D2/D3 receptors and DAT was found to be very similar. Arrows a, b and c point to the caudate, putamen and substantia nigra, which are three of the most highly innervated dopaminergic structures. The high intensity values seen in these subcortical grey matter structures validate their selection as regions of interest. The anterior cingulate cortex was also selected as a region of interest, as it has been implicated in the dopaminergic circuitry related to ADHD, and shows altered domapminergic properties in PNCE rabbits . Upon examination of PET scan images, a distinct difference in spatial distribution between the anterior and posterior regions of the anterior cingulate cortex was seen in both fallypride and FECNT images.
Neuro-anatomical examination showed that the anterior region, with higher intensity values, corresponded to the pregenual and subgenual structures of the anterior cingulate cortex. The posterior region corresponded to the supragenual portion of the anterior cingulate cortex. Figure 3a shows a sagittal midline section of a monkey brain from a fallypride PET scan. Arrows (1), (2) and (3) denote the supragenual, pregenual and subgenual structural regions of the anterior cingulate cortex. As a result, two volumetric ROIs were drawn on the PET images for each monkey, and subsequent analyses were performed for each ROI separately. When the two distinct ROIs for the anterior cingulate cortex, drawn on the PET image, were propagated onto the registered T1-weighted MRI image (Figure 3b ), perfect structural correlation was confirmed.
Initial analyses of the caudate and putamen resulted in D2 receptor BP values significantly lower than those reported in literature. Further investigation showed higher than desirable levels of specific
Effect of Prenatal Cocaine Exposure
FIGURE 5
Fallypride Time-Activity Curves NOTE: Fallypride time-activity curves from dynamic PET scan of control monkey, by region: cerebellum (dark blue), anterior cingulated cortex (pink), caudate (orange), putamen (green), substantia nigra (light blue).
binding in the cerebellum. An anatomical investigation of the cerebellum shed light on the problem.
While the cerebellum has a low level of non-specific dopaminergic binding in the lobes, the vermis region, which lies in the center of the cerebellum, has high levels of specific dopaminergic binding.
The decision to exclude the vermis region from subsequent cerebellar ROI selections was supported by previous research (Mukherjee et al. 2002) . Subsequently, reference regions were outlined as two separate volumetric regions as outlined in Figure 4 where a coronal slice with the cerebellar lobes is outlined in blue and the excluded vermis region is outlined in red.
Post-processing, cerebellar time-activity curves for several of the fallypride and FECNT scans revealed unexpected oscillations in the first 50 minutes of the scan. As seen in Figure 5 , the cerebellum timeactivity curve should consist of an initial spike, when the tissue is saturated by the bolus injection, followed by decreasing counts across time, as the cerebellum only provides non-specific binding.
Neither standard deviations nor a pattern in scan dates explained the oscillations. An FDG phantom (a tube containing 18 F positron emitter with high specific activity) was dynamically scanned in the Focus 220 and validated the accuracy of the scanner's calibration. Using ASIpro, the software package inherent to the data acquisition system, cerebellar time-activity curve waveforms revealed similar oscillations, ruling out the PMOD software program as the source of error. It was concluded that the source of oscillations was the method of bolus injection. The scans were performed using a single bolus injection but the bolus was not tight enough, causing injection inconsistency. For future studies, the procedure for bolus injection should be altered to include a tighter bolus. Regions other than the cerebellum, including the anterior cingulate cortex, caudate, putamen and substantia nigra, Therefore, the MRTM2 estimated value of binding potential was accepted when both models presented similar but conflicting BP results. Although noise is accounted for to some degree in both models, measures were taken to reduce noise in the data.
While smoothing the data is one technique to overcome unwanted noise, it is a subjective task, which may result in the loss of signal, providing for an inaccurate evaluation of BP. A different data manipulation technique is the summing of time-sequence data, which introduces multiple data sets and eliminates noise through averaging. The data for this study was obtained by outlining ROIs on static PET images which were the sum of the first 50 minutes of time-sequence data. Though two hour (FECNT) and three hour (fallypride) dynamic scans were obtained; the first 50 minutes show peak subcortical uptake of the tracers.
Though conservative precautions were taken to eliminate noise, residual noise inevitably affects the signal. When estimating BPs in the anterior cingulate cortex, where D2/D3 and DAT densities and consequently the signal to noise ratios are low, the Logan model failed to evaluate the data, yielding negative binding potentials (which are not theoretically possible) or failing to converge. MRTM2
analysis of the same anterior cingulate cortex ROIs provided plausible binding potential values which were in agreement with previous research (Suhara et al. 2002; Hagelberg et al. 2004; Talvik et al. 2003; Kaasinen et al. 2000) . Based on the consistent response of the data to the MRTM2 analysis, but not to the Logan model analysis, it was conjectured that high levels of noise were present in the anterior cingulate cortex. Two approaches to data manipulation were taken to compensate for higher noise levels. The first approach was to outline the ROIs using the structural MRI image. This approach was intended to more accurately define the ROI based on structure and eliminate noise problems potentially resulting from a less accurate ROI which was defined by regional signal intensity. This approach worked for only half of the data sets. A subsequent approach involved a 3mm Gaussian smoothing of the static PET scan image to improve signal to noise ratios in anterior cingulate.
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In the saline control monkeys, BPs of both D2 receptors and DAT for the caudate, putamen and substantia nigra were within accepted ranges comparable to previous research (Slifstein et al. 2004; Mukherjee et al. 2002; Siessmeier et al. 2005; Carbon et al. 2004) . The BP values of D2 receptors in the ACC of the control monkeys were on the higher end of reported BP ranges, but still comparable (Suhara et al. 2002; Hagelberg et al. 2004; Talvik et al. 2003; Kaasinen et al. 2000) . 
Conclusion
Although repeating the study with a larger cohort is a primary goal, methodological changes must be evaluated before future studies continue. These data suggest the MRTM2 model, following Gaussian spatial smoothing of the PET data should be adopted for future studies. Preliminary dose response trends suggest a reduction of caudate and anterior cingulate cortex D2/D3 receptor levels with increasing levels of in utero cocaine exposures, but no effect of prenatal cocaine exposure on DAT.
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